Arf ͉ stem cells ͉ immunodeficiency ͉ leukemia ͉ vector R etroviral vector-mediated gene transfer into hematopoietic stem cells (HSCs) is an attractive strategy to correct inherited and acquired hematological disorders and has achieved clinical success in a number of cases (1) (2) (3) . In a French gene therapy trial, 9 of 11 infants born with X-linked severe combined immunodeficiency (XSCID) were successfully treated with autologous bone marrow cells transduced ex vivo with a retroviral vector expressing a normal copy of the ␥c (common ␥-chain) gene, which is mutated in XSCID patients (4) . Before these studies, it had been estimated that the risk of an insertional event within 10 kb of a potential protooncogene ranged between 10 Ϫ2 and 10 Ϫ3 (5) . Despite this estimated low risk, three of the XSCID patients treated in the French gene therapy trial developed clonal T cell leukemias (6) (7) (8) . In these cases, vector integration occurred within the LMO2 locus, which codes for a known human T cell oncogene (9) , and led to aberrant LMO2 expression and tumorigenesis. This unexpected high rate of leukemia has raised serious concerns regarding the safety of gene therapy for not only the XSCID disorders but for other hematologic disorders as well (10) .
Although 3 of 11 patients in the French XSCID trial have developed leukemia, other patients enrolled in gene therapy trials for XSCID and other immune system disorders have shown clinical benefit without hematologic abnormalities (1, 3, 11) . More follow-up may be necessary to fully assess the risk; for instance, benign clonal proliferations have been observed in patients with chronic granulomatous disease treated with gene therapy (12) . An important question that remains is whether there are unique risk factors for XSCID gene therapy that are not present in other gene therapy applications. Possible XSCIDspecific factors could include (i) an expanded target population of lymphoid progenitors that are susceptible to vector-induced mutagenesis; (ii) the presence of severe immunodeficiency in the host recipients and lack of antitumor immune responses; and (iii) a strong proliferative advantage for ␥c-transduced lymphoid progenitors that predisposes to transformation.
Another question is whether a system can be developed that allows testing of newer vectors designed to provide an improved safety profile. Although replication-incompetent retroviral vectors can induce tumors in mice (13, 14) , tumors occur too infrequently to provide a quantitative transformation assay. To increase the sensitivity for detecting vector-induced mutagenesis, we generated a mouse model of XSCID gene therapy in which both the Arf tumor-suppressor gene and the ␥c gene were ablated. Arf-null mice were chosen because they are prone to develop T cell malignancies (15) and because Arf mutations occur in a high proportion of human T cell malignancies (16) . Arf-null mice are highly tumor prone, with 72% of the animals dying from tumor formation within 1 year of birth. The majority of these malignancies are various solid tumors, and 29% of the tumors are lymphomas. There are no reports of tumor development in unmanipulated ␥c-null mice. We have used the resulting Arf Ϫ/Ϫ ␥c Ϫ/Ϫ mice as bone marrow cell donors to create a mouse model of XSCID gene therapy that reproduces the high incidence of T cell malignancies seen in the clinical trial.
Results

Development of T Cell Lymphomas in XSCID Mice Treated with the ␥c
Vector. Bone marrow cells from Arf Ϫ/Ϫ ␥c Ϫ/Ϫ mice were transduced with a murine stem cell virus (MSCV)-␥c-internal ribosome entry site (IRES)-GFP or with a control MSCV-GFP vector and transplanted into lethally irradiated, CD45.1 ϩ wildtype recipients. Reconstitution of T and B lymphopoiesis was seen in all cases where the MSCV-␥c-IRES-GFP vector was used and in no cases where the GFP control vector was used. After 55 weeks of follow-up, 13 of 15 mice in the ␥c-transplanted group developed hematopoietic malignancies that had either a leukemic presentation, with circulating tumor cells in the peripheral blood, or as a lymphoma presentation, with infiltration of tumor cells into solid organs. In the first experiment, 11 tumors were T cell, and 2 were B cell phenotype (Fig. 1A and Table 2 , which is published as supporting information on the PNAS web site). In contrast, only three lymphomas occurred in a total of 17 animals in the GFP control group (Fig. 1 A) . Very similar results were obtained in a second independent experiment in which 15 of 18 mice developed tumors in the ␥c-transplanted group, whereas only 4 of 17 animals in the GFP control group developed tumors ( Fig. 1B and Table 2 ).
To determine whether the XSCID background was contributing to the high transformation rate, we also evaluated the tumor frequency seen with transplant of Arf Ϫ/Ϫ ␥c ϩ/ϩ bone marrow cells that had been transduced with ␥c vectors. Bone marrow cells from Arf Ϫ/Ϫ ␥c ϩ/ϩ mice were transduced with either a MFG-␥c or the MSCV-␥c-IRES-GFP vector and transplanted into lethally irradiated wild-type recipients ( Fig. 1 A and B,  respectively) . In the first experiment, only 4 of 18 mice transplanted with transduced Arf Ϫ/Ϫ ␥c ϩ/ϩ cells developed lymphomas during the 1-year follow-up period (Fig. 1 A) . This rate was significantly lower than what we observed using Arf Ϫ/Ϫ ␥c Ϫ/Ϫ mice donor bone marrow cells (P ϭ 0.0001 by log-rank test). The second experiment used the MSCV-␥c-IRES-GFP vector and gave essentially the same results (Fig. 1B) . These data indicate that the XSCID background was an important contributor to the risk for tumorigenesis. Histological analysis revealed an aggressive tumor morphology, in which the architecture of thymus, spleen, bone marrow, and lymph nodes was completely replaced with tumor cells and with invasion of tumor cells into the central nervous system (Fig.  2A) . In uncorrected Arf Ϫ/Ϫ ␥c Ϫ/Ϫ animals, normal lymphoid development is blocked because of the absence of ␥c. Therefore, it was not surprising that, in the group transplanted with Arf Ϫ/Ϫ ␥c Ϫ/Ϫ cells transduced with the control MSCV-GFP vector, all lymphomas were GFP-negative and were derived from recipient rather than donor cells (Fig. 2B ). In contrast, in the group transplanted with Arf Ϫ/Ϫ ␥c Ϫ/Ϫ bone marrow cells transduced with the ␥c vector, all lymphoma cells were derived from donor cells, and all of them except one were predominantly comprised of GFP ϩ cells ( Fig. 2B and Table 2 ).
In the French XSCID trial, the three cases of T cell leukemia , demonstrating that they were not transduced and were derived from the transplant recipient. In contrast, lymphoma cells from the ␥c group were CD45.1-negative and GFP-positive, showing that they were derived from transduced donor cells. In both cases, lymphoma cells were CD4 ϩ (Lower, y axis). (C) T cell phenotypes of lymphomas from different mice. Lymphocytes were stained with CD4 and CD8 antibodies as shown (Upper). Compared with thymocytes from a normal mouse (Control), lymphomas seen with the ␥c vector were either CD8 ϩ (#645), CD4 ϩ (#650), or CD4 ϩ CD8 ϩ (#664). Lymphomas are highly GFP-positive, as shown (Lower). were phenotypically distinct. One case showed a ␥␦ T cell receptor (TCR) rearrangement, whereas three different TCR ␣␤ T cell clones (V␤1, V␤2, and V␤23) were identified in the second patient (8) . We also saw phenotypically diverse T cell neoplasms in our mouse model. Lymphoma cells from individual cases expressed a variety of T cell marker patterns including CD8 ϩ , CD4 ϩ , or CD4 ϩ CD8 ϩ ( Fig. 2C and Table 2 ).
Evidence for Insertional Mutagenesis Involving Protooncogene Loci.
Southern blot analysis of tumors from different organs within individual mice showed a clonal pattern of integration sites, with two to seven vector copies per clone (Fig. 3A) . We then used linear-amplification-mediated (LAM)-PCR to map 58 different insertions from 12 lymphoma samples in the ␥c-transplanted group. Five integrations occurred within or near genes that are represented in the Retroviral Tagged Cancer Gene Database (RTCGD) (17) ( Table 1 , asterisks). This database contains Ϸ300 common insertion sites that have been associated with murine tumors induced with wild-type Moloney retrovirus (http:͞͞RTCGD.ncifcrf.gov). We also detected insertions near or within genes that are not in the RTCGD but that have previously been demonstrated to have a role in oncogenesis (Table 1) . For instance, Mela and Trim36 were identified in our screen and are highly expressed in murine melanoma (18) or in human prostate cancer (19) , respectively. Of the 42 loci we detected that contained vector integrations, 12 were identified that contained multiple independent insertions that occurred in different regions of the gene. For instance, we identified two different integrations in the Tde1 (tumor differentially expressed 1) locus ( Fig. 3B and Table 1 ). One insertion was in the sense orientation and mapped 1.4 kb upstream of the transcription start site, and the other was in an antisense orientation in the first intron, 1.8 kb downstream from the transcription start site (Fig.  3C) . Interestingly, this finding mirrors the general insertion pattern into the LMO2 locus seen in the first two patients reported in the XSCID clinical trial and is consistent with a selective advantage for clonogenic tumor cells that have activation of specific oncogenes. We also identified specific integrations occurring in different tumors. For instance, six tumors contained a specific integration 15 kb upstream of the Slamf6 locus (Table 1) , a gene known to be involved in lymphocyte signaling (20) (21) . This result also suggests that in vitro culture conditions (transduction period, cytokine combination) may be implicated in the rate of transformation by selecting for specific integration events.
An Expanded Population of Bone Marrow Progenitors in XSCID Mice.
Our data show that the incidence of tumors in cohorts treated with the ␥c vector was much lower when Arf Ϫ/Ϫ ␥c ϩ/ϩ cells were used versus Arf Ϫ/Ϫ ␥c Ϫ/Ϫ cells ( Fig. 1 A and B) , indicating that the XSCID background is a significant risk factor for tumorigenesis. One important implication of this result is that the risk of insertional mutagenesis may be uniquely elevated for XSCID gene therapy and less in other hematopoietic disorders, such as those affecting myeloid cells. We hypothesized that a potential risk factor could be an expanded pool of hematopoietic progenitor cells resulting from the developmental block induced by the ␥c mutation, and, if so, this increased progenitor cell population could increase the target size for vector-induced insertional mutagenesis. To explore this possibility, we analyzed bone marrow cells from XSCID mice for their relative content of primitive cells with the c-kit ϩ Sca-1 ϩ Lin Ϫ (KSL) and side pop- Insertion sites recovered by LAM-PCR from lymphoma samples in the ␥c-transplanted group. Genomic locations and sequence codes (Gene ID) are determined according to the National Center for Biotechnology Information (NCBI) mouse genome database. Insertions are defined with respect to the transcription start sites (TSS) of neighboring genes. Asterisks indicate loci that are listed in the RTCGD database. The individual animals that had each of these insertions are listed in the rightmost column. F, forward orientation with respect to the gene's transcription direction; R, reverse orientation with respect to the gene's transcription direction. ulation (SP) phenotype. Cells with the KSL phenotype are highly enriched for progenitor and stem cells, and the subset of KSL cells with the SP phenotype is further enriched for pluripotent hematopoietic repopulating cells (22, 23) . We observed a reproducible 3-to 5-fold expansion of KSL cells in bone marrow from XSCID mice (Fig. 4A , which is published as supporting information on the PNAS web site). The majority of these expanded KSL cells lacked the SP phenotype, indicating that they were not HSCs but, instead, more committed progenitor cells. Competitive repopulation experiments confirmed the lack of expansion of myeloid repopulating cells in XSCID mice (Fig. 4B) . We are currently evaluating the functional characteristics of this expanded population. One interesting possibility is that these cells could be early lymphocyte progenitors; however, the lack of ␥c expression in these cells confounds a phenotypic analysis for IL7R expression.
Discussion
We have generated an XSCID mouse model that reproduces the T cell transformation arising from insertional mutagenesis that was seen in the French XSCID gene therapy trial. The system is highly efficient and resulted in Ͼ90% of the experimental animals developing lymphomas within 1 year after transplant. This high rate of transformation was, in part, due to the loss of tumor-suppressor p19Arf. It is known that the Arf pathway becomes activated and induces apoptosis when deregulated oncogene expression induces cellular proliferation. For instance, when cMyc is overexpressed in lymphoid cells, most cells undergo apoptosis due to activation of the Arf pathway (24) . In the minority of clones that survive and proliferate, loss of the Arf pathway was an obligate requirement for transformation (25) . Our data indicate a similar mechanism may apply to insertional mutagenesis in XSCID gene therapy. In this model, the initiating event would be clonal proliferation due to insertional activation of an oncogene. This proliferation would be further augmented by the proliferative advantage associated with restoration of IL7-dependent signaling. Most of these clones would undergo apoptosis and be eliminated because of activation of the Arf pathway; however, those with mutations in the Arf͞p53 pathway would survive and continue to proliferate. This model is consistent with the 3-year latency seen in the clinical cases and raises the question as to whether loss of the Arf signaling pathway was also present in the French XSCID cases or, indeed, may be required.
Our data also show that the frequency of T cell transformation was significantly increased when using donor cells from XSCID versus immunocompetent mice, despite Arf deletion in both cases. There are at least three aspects of the XSCID background that could contribute to this increased incidence of transformation. First, it is known that immunodeficiency in mice leads to an increased rate of tumor formation because of the lack of antitumor immune surveillance (26) . In particular, XSCID mice and patients have a drastic reduction in the number of natural killer (NK) cells, an important component of the antitumor immune response. Therefore, recipients may be at greater risk for developing tumors, given the delay in NK cell reconstitution. In contrast, immediate adoptive transfer of NK cells occurs when Arf Ϫ/Ϫ ␥c ϩ/ϩ donor cells are used. The second possible risk factor is the strong selective advantage for transduced T cell progenitors resulting from acquisition of prethymic IL7 responses. Even when low proportions of HSCs are transduced with the vector, all lymphoid cells are derived from a small subpopulation of transduced cells. This nonphysiologic degree of proliferation could contribute to genetic damage and clonal selection. A third possible risk factor that is suggested by our data is the presence of an expanded population of primitive progenitors that exists in XSCID bone marrow. This population does not contain an expanded pool of HSCs, as evidenced by our phenotypic and repopulation studies but, rather, may be due to an expansion of lymphoid progenitors. If this is the case, this ''stalled target cell population'' could directly increase the number of clones that harbor growth-promoting integration events. Further studies are needed to define this population and its role in transformation.
Another possible mechanism for the occurrence of T cell malignancies in XSCID gene therapy is that deregulated expression of the vector-encoded ␥c gene could directly contribute to transformation. A recent study showed that 33% of mice developed T cell lymphoma after transplant with either XSCID or wild-type bone marrow cells that were transduced with a lentiviral vector encoding ␥c (27) . In contrast, our own data show that deregulated ␥c gene expression was not a dominant factor, because the rate of lymphoma development was relatively low in mice transplanted with Arf-null, ␥c wild-type cells transduced with the ␥c vector. Furthermore, other studies have shown no adverse effects when oncoretroviral vectors were used to overexpress ␥c in mouse models of XSCID gene therapy (28) (29) (30) . One possible explanation for these discrepancies is that the study by Woods et al. (27) used a lentiviral vector, whereas our own and other studies used oncoretroviral vectors based on Moloney leukemia virus. However, it is not clear why lentiviral vectors would be more likely to cause transformation, given the known differences in integration-site patterns. The higher tumor formation rate could be due to higher lentiviral versus oncoretroviral copy numbers, although the copy number was not reported in the recent study (27) . To gain a better understanding of these issues, a direct comparison of the oncogenicity of lenti-versus onco-retroviral vectors in an XSCID gene therapy model will be necessary.
Our LAM-PCR data show that vector integration near oncogenes or growth-promoting genes was associated with clonal transformation. Six insertions in CIS͞protooncogenes have been identified. We also found that several oncogenes contained multiple independent insertions that occurred in different tumor samples, suggesting that certain loci are preferred targets for integrations and͞or that forced expression of these genes causes a dominant growth advantage. Vector integration near the LMO2 locus has been show in all three cases of leukemia in the French XSCID trial; however, in our Arf Ϫ/Ϫ ␥c Ϫ/Ϫ animal model, we did not detect any insertion within the LMO2 locus. Assuming that Arf is not involved in the clinical cases, although it may be, one possibility is that our model is biased toward the activation of oncogenes cooperating with loss of Arf function. Another potential explanation for the lack of LMO2 insertions is that we used bone marrow cells from young adults, whereas the clinical studies used neonatal bone marrow cells. Furthermore, we targeted whole bone marrow cells in contrast to CD34 ϩ -selected cells in the clinical cases. These methodological differences could lead to changes in retroviral integration patterns at different developmental stages.
In summary, our data show that the key requirements for transformation are transduction with the ␥c vector, presence of the XSCID background in donor cells, selection of insertion sites near or within cellular protooncogenes, and biallelic deletion of Arf. Because these risk factors are lacking in other gene therapy approaches, such as in the treatment of myeloid disorders, the risk of insertional mutagenesis in these cases may be much less than that seen in XSCID gene therapy. This prediction is consistent with the lack of insertional oncogenesis in other human and large-animal studies (31) , with the exception of a recent single documented case (32) . Our other conclusion is that this model should allow for quantitative assessment of vector modifications designed to increase safety. We now can test whether lentiviral vectors that lack viral enhancer and promoter sequences, or that include flanking chromatin insulators (33) , will result in a decreased rate of transformation. Another variable that can be tested is the effect of using different populations of donor cells derived by alternate isolation strategies intended to reduce the number of vulnerable target cells. mice and prestimulated in DMEM with 15% heat-inactivated FBS, 50 ng͞ml rat stem cell factor, 20 ng͞ml mIL-3, and 50 ng͞ml hIL-6 (Amgen, Thousand Oaks, CA) for 48 h. The prestimulated bone marrow cells were then cocultured with irradiated (1,500 cGy) GPϩE86 producer cells with 6 g͞ml polybrene for an additional 48 h before injection into lethally irradiated congenic CD45.1 mice. Transduction efficiency was determined by flowcytometry analysis of peripheral blood cells 9 weeks after transplantation. Transplanted mice were followed up for 1 year with regular complete blood count examinations.
Analysis of Leukemia. Transplanted mice were observed daily and killed when they showed signs of illness or became moribund. Various tissues were collected, fixed in 4% formalin, and paraffin-embedded for histologic examination. Cells from bone marrow, spleen, and thymus were stained with phycoerythrinconjugated CD45.1, CD4, and B220 and allophycocyaninconjugated Gr-1, CD8, and Mac-1 antibodies and subjected to flow cytometry. Genomic DNA was extracted from spleen, thymus, and bone marrow samples for further analysis.
Southern Blot and LAM-PCR.
For Southern blot analysis, 10 g of genomic DNA was digested with EcoRI and hybridized with a probe corresponding to a partial GFP sequence. LAM-PCR was performed as described (37) . For linear amplification of the 3Ј LTR-genomic junction site, 100 ng of DNA was amplified by repeated primer extension by using a MSCV-LTR specific 5Ј-biotinylated primer (LTR1): 5Ј-CTGGGGACCATCTGTTCTT-GGCCCT. The biotinylated extension products were selected with 200 g of magnetic beads (Dynal, Oslo, Norway), digested with Tsp509I (New England Biolabs, Beverly, MA), and ligated to an asymmetric linker cassette (5Ј-AATTCTCTAGTATGC-TACTCGCACCGATTATCTCCGCTGTCAGT and 5Ј-ACTGA-CAGCGGAGATAATCGGTGCGAGTAGCATACTAGAG). Ligation products were then amplified with a vector-specific primer LTR2 (5Ј-GACTTGTGGTCTCGCTGTTCCTTGG) and a linker cassette primer LC1 (5Ј-ACTGACAGCGGAGATAATCG). Nested PCR with internal primers LTR3: (5Ј-GGTCTCCTCT-GAGTGATTGACTACC) and LC2: (5Ј-GTGCGAGTAG-CATACTAGAG) was done to further amplify the products. The final PCR products were separated on a high-resolution Spreadex gel (Elchrom Scientific, Cham, Switzerland). Specific bands were excised and reamplified with primer pair LTR3 and LC2 and then cycle-sequenced directly.
Analysis of SP-KSL-CD34 ؊ Cells. Bone marrow cells from 6-to 8-week-old mice were stained with 5 g͞ml Hoechst 33342 (Sigma) at 37°C for 90 min. After two washes, cells were stained with phycoerythrin-conjugated anti-Sca-1, allophycocyanin (APC)-conjugated anti-c-Kit, FITC-conjugated anti-CD34, and biotinylated lineage-antibody mixture consisting of anti-Gr-1, Mac-1, B220, CD3, and Ter119 mAbs for 30 min on ice and were further stained with APC-Cy7-conjugated streptavidin. Four-color analysis was performed on a FACSVantage (Becton Dickinson).
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